A Boltzmann and Monte Carlo analysis of the electron energy distribution function (EEDF) and transport coefficients for air plasmas is presented for the conditions of the Earth troposphere where some transient luminous events (TLEs) such as blue jets, blue starters and gigantic jets have been observed. According to recent model results (Minschwaner et al 2004 J. Climate 17 1272) supported by the halogen occultation experiment, the relative humidity of the atmospheric air between 0 and 15 km can change between 15% and 100% depending on the altitude investigated and the ground temperature. The latter results cover a region of latitudes between −25
Introduction
The generation of air plasmas in the high atmosphere of the Earth due to the electrical activity in underlying thunderstorms is a subject of research and debate nowadays. The so-called transient luminous events (TLEs) are large scale optical flashes taking place at altitudes that can go from right above thunderclouds around an altitude of 10 km (the case of blue jets, blue starters and gigantic jets) to approximately heights of 90 km where elves (a sort of luminous rings) and the diffusive region of sprites have been observed. Out of the three most common TLEs mentioned above, sprites and blue jets are generated as a consequence of electrical discharges producing the air electric breakdown. Both sprites and blue jets can be considered as weakly ionized plasmas that have been observed all over the planet since 1989 [1] and 1995 [2] , respectively.
It is of particular interest to clarify how these high altitude air plasmas are created, what mechanisms are responsible for breakdown, what is their chemical composition and what are their important microscopic processes (non-equilibrium chemistry). In order to study both pre-breakdown and breakdown phenomena in air under the action of an electric field and to investigate the non-equilibrium chemistry of air plasmas, it is important to have a good understanding of the behaviour of transport coefficients and of the electron energy distribution function (EEDF) in dry and humid air plasmas. In this regard, it is worth mentioning that no updates of experimental work on transport coefficients in dry air plasmas have been produced (to the best of the authors' knowledge) in the last 25 years, since the compilation by Gallagher et al [3] and the report by Davies [4] . In addition, systematic measurements of transport coefficients in air as a function of the relative humidity are even fewer than in the case of dry air. This work provides a systematic analysis, using the Boltzmann and Monte Carlo methods, of the impact of relative humidity (from 0% to 100%) on the EEDF and transport coefficients of air plasmas produced at 0, 11 and 15 km. The results obtained for the cases of 11 and 15 km can be of interest for the understanding of the non-equilibrium chemistry induced by streamer coronas of lightning leaders [5] [6] [7] [8] and blue jet [9, 10] plasmas, while the calculations performed for 0 km could be useful as a reference for further experimental measurements as a function of air humidity of possible interest for many applications of air plasmas and, in particular, to air plasmas generated during cloud-to-groundlightning, intercloud lighting and in the basement of blue jets and gigantic jets.
Approach
The transport parameters and the EEDF have been calculated by two methods: one is based on the solution of the Boltzmann equation in the two-term scheme using ELENDIF [11] , the second is the Monte Carlo (MC) method. The MC simulation provides a fully kinetic description of the motion of charged particles. Here we investigate the characteristics of electron swarms under pulsed Townsend conditions. The simulations provide the electron distribution function, collision frequencies associated with different elementary processes, as well as the transport parameters (drift velocity, mean energy, longitudinal and transverse diffusion coefficients, ionization and attachment coefficients). The derivation of these latter quantities from the phase space coordinates of the electrons and their collision events is described in [12] . In the MC code, N 0 electrons are released at time t = 0. The motion of these electrons (and the additional ones created in ionization processes) is traced until a pre-defined time limit t max . Tracing of the electrons is also stopped in case they are 'lost' in attachment processes. The time allowed for the development of electron avalanches, t max , is chosen long enough to ensure that equilibrium conditions are reached. N 0 is set for each set of conditions so that the total number of simulated collisions is in the 10 10 -10 11 range. The simulations make use of the null-collision technique [13] , which significantly improves computational efficiency.
We assume isotropic angular scattering in all types of collision processes. In ionizations the scattered and ejected electrons share equally the remaining kinetic energy. The basic limitations of the MC code are (i) the use of the isotropic cross sections for inelastic processes and (ii) the cold gas approximation (the target molecules are assumed to be in rest in collision processes). The latter limits its applicability at very low E/N values. The limiting value of E/N depends on the gas mixture. The MC code has been successfully benchmarked using the 'RAMP' cross sections for which precise values of the transport coefficients are known from previous studies [14, 15] .
The dry air background composition considered in this work is N 2 (78.084 vol%), O 2 (20.946 vol%), Ar (0.934 vol%) plus 36 ppm of CO 2 . When humid air is investigated a variable concentration of H 2 O is used. The relative humidity has been allowed to take values from 0% (dry air) to 100%. Following recent model results [16] supported by the halogen occultation experiment (HALOE), the relative humidity of the atmospheric air between 0 and 15 km can change between 20% and 100% depending on the altitude investigated and the ground temperature. For instance, at 11 km, the relative humidity of air can change between 20% and 50% depending on whether the ground surface temperatures are 303 K or 299 K, respectively [16] . The latter results are applicable to latitudes between −25
• S and +25
• N that cover the Earth tropical region where lightning and TLE activity is especially high. Thus, the results presented in this work apply to the tropical regions (see figure 1) . In addition to humidity, we have also investigated the impact of a small enhancement (up to a maximum of 100
• ) over the 'natural' background gas temperatures of ∼215 K (at 11 km) and ∼198 K (at 15 km). The assumed temperature enhancements could be reasonably associated with the TLE activity though it has not yet been experimentally reported. In the case of the ground level (0 km), we have analysed a range of temperatures from 253 K up to 343 K.
The calculations have been performed for four different values of the reduced electric field that are E/N = 1 Td, 5 Td, 25 Td and 400 Td (the Townsend (Td) is a unit of reduced electric field and is equal to 10 −17 V cm 2 ). These values were chosen as representatives of the expected E/N values during TLEs ignition (400 Td), that is, those present in sprite streamer heads (streamer coronas and lightning leaders) [17] and in sprite and blue jets afterglow regions (1, 5 and 25 Td 
where P a (Torr) is the atmospheric pressure of humid air at a certain altitude and P ws (Torr) is the saturation pressure of water vapour (that depends on the gas temperature) given by the Goff-Gratch equation [18] that is usually admitted to be valid in the temperature region of ∼223-375 K. Some reports show indirect evidence about the validity of (1) down to 213 K [19] . From the specific humidity (in g kg −1 ) and the mass density (in kg m −3 ) (for a given pressure and gas temperature) the absolute humidity (in g m −3 ) can be estimated. For example, at P a = 760 Torr and T = 298 K, we have P ws = 23. 2 remain constant (as in the dry case). Since in this study the gas temperature dependence is through P ws (see the above paragraph), at 0% relative humidity (dry air) the gas temperature variation does not have any impact on the calculated EEDF and transport coefficients.
In order to solve the Boltzmann equation and to apply the MC method we first need an accurate set of cross sections for each of the species considered. All in total we have considered 81 elastic and inelastic electron-impact collisional processes. In particular, the sets of cross sections for N 2 , O 2 , Ar, CO 2 and H 2 O include 27, 17, 3, 12 and 22 processes, respectively. With a few exceptions, the cross sections for N 2 , O 2 and Ar were taken mainly from the Phelps' cross section compilation [20] at JILA. The elastic momentum transfer cross sections of N 2 and O 2 were taken from [21] while the high threshold N 2 dissociative excitations were from Christophorou [22] . Most of the cross sections used for CO 2 were taken from Hayashi's compilation [23] except the cross sections for elastic momentum transfer, electron-impact ionization and dissociative attachment, which were taken from a recent work by Itikawa [24] and from [25] , respectively. The cross sections of H 2 O were taken by the updated set by Yousfi [26] . We can see in figures 2(a)-(c) the plots corresponding to the cross sections used for N 2 , O 2 and Ar, respectively. The cross sections for CO 2 
Results and discussion

Electron energy distribution function
The main results concerning the impact of humidity and gas temperature on the EEDF are shown in figures 3-8 where steady-state EEDFs have been represented. The latter is justified for the low field values because the relaxation times of the EEDFs are much faster than typical timescales in TLEs such as, for instance, streamer head lifetimes in sprites [10] . However, for field values above the breakdown field, as for the case of 400 Td, the relevant timescale is given by the width of the space charge layer in the streamer head divided by the streamer velocity so that it could reach similar values to that of the relaxation time of the EEDF. The results presented in figures 3(a) and (b) correspond to the EEDF at 11 km for the maximum gas temperature considered at that height and for three values of E/N that are 1, 25 (figure 3(a)) and 400 Td ( figure 3(b) ). We see in figure 3 (a) that for 1 and 25 Td, the impact of increasing the relative humidity from 0% to 100% is to decrease the number of available energetic electrons. It can also be seen that the calculated EEDFs in dry and moist air with 100% relative humidity exhibit quite different shapes compared with those of Maxwellian EEDFs for the same mean energies. At 400 Td, the increase in the relative humidity is the opposite to the one at lowers fields, that is, at high reduced electric fields more energetic electrons appear when the relative humidity grows. However, at 400 Td, the EEDFs still deviate from the Maxwellian. The results shown in figures 4(a) and (b) and figure 5 are for 15 km and 0 km heights, respectively, and their trends are similar to those of the case of 11 km. The impact on the EEDFs of increasing the gas temperature is shown in figures 6-8 for 11, 15 km and the ground. We have represented the cases of two gas temperatures at each altitude, the highest one and the lowest one considered which, except at 0 km, is the 'natural' temperature at 11 and 15 km. We see in all cases that, keeping the relative humidity constant at 100%, the influence of increasing the gas temperature is to reduce the number of electrons with high energies. The latter would negatively affect the ability of the plasma electrons to excite and/or ionize atomic and molecular species. The same is true when, keeping constant the gas temperature at a given reduced electric field, the relative humidity increases.
Electron transport coefficients
The chief results for electron transport coefficients of dry air plasmas are shown in figure 9 ; the general agreement between the results of our calculations and the available experimental data is quite reasonable, except perhaps in the case of the mean energy at medium values of E/N. The different experimental data are taken from Crompton et al [29] (mean energy and D T /µ); Rees [30] , Davies [4] , Ryzko [31] and Frommhold [32] (drift velocity); Raja Rao and Govinda Raju [33] (α/N and D T /µ) and Moruzzi [34] (α/N); Rees and Jory [35] and Lakshminarasimha and Lucas [36] (D T /µ). It is important to note that in [29, 33, 35] the authors report their measured data as D/µ, while from their experimental technique it is quite obvious that they have measured D T /µ. It is worth mentioning that no updates of experimental work on transport coefficients in dry air have been produced (to the best of the authors' knowledge) in the last 25 years, since the compilation by Gallagher et al [3] and the report by Davies [4] . The systematic calculations of the EEDFs using the Monte Carlo method and the solution of the Boltzmann equation-both shown in figure 9 (d)-are in quite good agreement, except in their high Table 1 . Electron-impact elastic and inelastic mechanisms considered in our calculations. The number in the first column (process #) corresponds to the numbers of the cross sections shown in figure 1. The last column lists the reference. to compare calculations with available measurements as a function of air relative humidity. The available experimental data are those of Milloy et al [37] for the drift velocity of electrons at 294 K in CO 2 -free air (at atmospheric pressure) with 50% relative humidity (1.5 vol% of H 2 O) for reduced electric fields between 0.7 and 10 Td. Milloy et al [37] has shown that the presence of water in air results in a relatively important increase (of a maximum of a factor of two between 4 Td and 8 Td) in the drift velocity of electrons. The latter results agree with the ones by Ryzko [31] who also measured an increase (with respect to dry air) in the electron drift velocity in moist air kept at 293 K, a pressure of 16 Torr and for E/N between 120 and 150 Td. The measurements done by Maller et al [38] in dry and humid air (with a relative humidity of 55%) at 293 K, pressures varying between 0.4 and 3.2 Torr and for E/N between 60 and 1500 Td show that the characteristic energy (D T /µ) in humid air exhibits a slight enhancement (of maximum 15% at 60 Td) above the dry case for values of E/N below 250 Td. The work by Raja Rao et al [39] reported experimental results for the ionization coefficient α/N in dry and humid air (at atmospheric pressure with a relative humidity of 56% and 293 K (room temperature)) for E/N between 153 and 2750 Td showing that α/N is higher in humid air. In particular, at 400 Td, α/N is 3.11 × 10 −17 cm 2 in dry air while it is 3.76 × 10 −17 cm 2 in moist air (with relative humidity of 56%). A similar increase in α/N was detected by Prasad et al [40] and Ryzko [41] . In 1978, Stout et al [42] in [40] . The experimental results by Stout et al [42] in air with a specific humidity of 20 g kg −1 (100% relative humidity at 297 K and atmospheric pressure) showed that (α − η)/N slightly increases with humidity for 270 and 300 Td while for lower fields (between 120 and 240 Td) the presence of humidity in their conditions hardly affects the values of (α−η)/N within their experimental error.
The experimental work by Kuffel [43] with humid air at atmospheric pressure containing 2.8 vol% H 2 O (approximately a relative humidity of 80% at 298 K) shows that the attachment coefficient η/N exhibits an enhancement (with respect to its value in dry air) between factor 1.5 and factor 7 for E/N increasing from 50 to 100 Td. A clear increase (with respect to dry air) in η/N was also measured by Prasad et al [37] when the H 2 O content in air was raised to ∼3.2 vol% (which corresponds to saturated air, 100% relative humidity, at 297 K around atmospheric pressure) for a very narrow E/N range between 120 and 150 Td.
With respect to calculations of EEDF and transport coefficients in humid air, the only paper that we found was a recent one [44] where Monte Carlo simulations were performed for a gas pressure of 760 Torr, a temperature of 293 K and for E/N ranging between 10 and 400 Td. The computations by Janda et al [44] were done in synthetic air (N 2 : O 2 = 4 : 1) adding a concentration of water vapour up to 10 vol%. The latter 10 vol% of H 2 O does not really have physical meaning since for atmospheric pressure (760 Torr) and room temperature conditions (293 K), the 100% of relative humidity is approximately 2.5 vol% H 2 O (not 10 vol%). However, the work by Janda et al [44] is valuable since it already suggests that the strongest influence of water is exhibited for E/N < 80 Td, although the set of results reported in [44] is far from being systematic.
The above discussion on the available experimental results of some transport coefficients (v d , D T /µ, α/N, η/N and (α − η)/N ) in humid air is of interest because it can serve as a reference to compare the values and especially the trends with growing relative humidity of our calculated transport coefficients and EEDF (no measurements available) shown below. The results of our calculations of transport coefficients as a function of relative humidity and gas temperature in air are represented in figures [10] [11] [12] [13] [14] [15] [16] . When looking at plots 10-16, it is important to have in mind that the relative humidities measured in air at the latitudes considered are 85% (0 km), 20-55% (11 km) and 95-100% (15 km). We can see in figures 10(a)-(c) the behaviour of the calculated electron mean energy (for which no measurements were found as a function of humidity). In general, the most remarkable effects of humidity are visible for E/N 25 Td. It is interesting to note that at 0 km (see figure 10(a) ) the electron mean energy at 293 K (and lower temperatures) remains constant for E/N = 25 Td. However, for 343 K (the highest temperature considered at 0 km), the mean energy for 25 Td at 85% relative humidity (typical of tropical regions) goes down almost one order of magnitude (from ∼1 to ∼0.15 eV). At lower (5 and 1 Td) reduced electric fields, the decrease in the electron mean energy is more than one order of magnitude. However, the impact of humidity and gas temperature on the electron mean energy is negligible at 400 Td, being a slightly bit more visible for the highest temperature (308 K) at 15 km (see figure 10(c) ). The trends exhibited by the electron mean energy at 11 km ( figure 10(b) ) and 15 km (figure 10(c)) are similar to that shown for 0 km with the only particularity that at 11 km the relative humidity covers a region between 20% and 55% while at 15 km the expected relative humidity can reach values of up to 100%. In general, for a fixed relative humidity, the mean energy decreases with growing gas temperature.
The characteristic electron energy is shown in figures 11(a)-(c) for 0 km, 11 km and 15 km, respectively. We see in all cases that, in general, the characteristic energy of electrons at a given E/N 25 Td is predicted to decrease with growing relative humidity while for 400 Td a very modest enhancement is exhibited for high relative humidity. In addition, for a given humidity, the influence of increasing the gas temperature is to reduce the characteristic energy of electrons.
We the drift velocity is almost constant with humidity and gas temperature except for 343 K when it decays a factor of two around 100% relative humidity. At 400 Td, the impact of humidity and gas temperature is almost negligible. The latter predictions for low fields agree with the experimental results by Milloy et al [37] showing that the presence of water in air results in a relatively important increase (of maximum a factor of two between 4 and 8 Td) in the drift velocity of electrons. Our results also agree with the electron drift velocity increase (with respect to dry air) measured by Ryzko [31] in moist air kept at 293 K. At higher altitudes (11 and 15 km), the drift velocity shows a variety of behaviours depending on the electric field investigated, the gas temperature and the range of relative humidity studied.
The trends of the attachment coefficient at low fields (1 and 5 Td) and high fields (25 and qualitatively well with the trend exhibited by the almost half a century old available measurements. However, no measurements for η/N are available so far (to the authors' knowledge) for low E/N values. Figure 15 (a) shows that the calculated ionization coefficient for 400 Td is not much affected (a factor of two maximum) by the variation of humidity or the gas temperature at 0 km. The change in the calculated ionization coefficient for E/N between 150 and 400 Td is shown in figure 15(b) where it is also represented the best available set of measurements for α/N for dry and humid air (56% relative humidity) at 293 K and atmospheric pressure (0 km) [39] . As expected, α/N increases with growing electric field and its enhancement due to humidity in the conditions reported is very small. The agreement between measured and calculated values of α/N is quite reasonable.
The predictions of our calculations regarding the impact of humidity and gas temperature on the effective ionization coefficients (α − η)/N of air at 400 Td is shown in figures 16(a)-(c) for heights of 0 km, 11 km and 15 km, respectively. It is evident that, for a given gas temperature, the effective ionization coefficient increases with growing humidity. The greatest enhancement of (α − η)/N at each altitude is always exhibited for the highest gas temperature: factor of two for 343 K (at 0 km) and 313 K (at 11 km) and above factor four for 308 K (at 15 km). Finally, we have included in figure 16 (d) a comparison of our calculated effective ionization coefficient with what we believe are one of the few but most updated and reliable measurements of (α − η)/N carried out by Stout et al [42] in 1978 as a function of the reduced electric field for dry and moist air (with 100% relative humidity) kept at 297 K and atmospheric pressure. We can see in figure 16 (d) that our calculations for the effective ionization coefficients under the conditions of Stout's experiment in [42] are in quite reasonable agreement with the experimental values in both the trend shown and the close quantitative values (except below 200 Td). In addition, it is also visible in figure 16 (d) that 100% relative humidity in those conditions (297 K and ∼760 Torr) has a negligible impact on (α − η)/N as predicted by our calculations and experimentally confirmed.
Diffusion of neutrals and ions
It would be interesting to know how the diffusion coefficients of neutrals and charged ions (positive and negative) become affected by an increase in the gas temperature. In this section we just make very simple estimations about this. Assuming that the diffusion coefficient of neutrals can be written as [45] 
where p is in atm, the gas temperature T is in K and D 0 is the diffusion coefficient under standard conditions (T = 273 K, p = 1 atm). The value of the exponent β is around 2 ± 0.2 for atmospheric gases. Expression (2) is usually valid for gas temperatures between 270 and 1000 K [45] . According to equation (2) and assuming β = 2, it results that D(1000 K) ∼ = 12 × D (293 K), that is, at high gas temperatures, the diffusion of neutrals becomes one order of magnitude higher than at room temperature.
In the case of ions, if we assume as a first approximation that the ion and gas temperatures are the same, the diffusion coefficient of positive and negative ions could be given by [45] 
where p is in atm, the gas temperature T is in K and D The above simple analysis leads to the initial conclusion that a gas temperature enhancement of say between 700 K and 800 K above the 'natural' background gas temperatures at 0 km and 15 km, respectively, would double (with respect to ground) the diffusion of neutrals and ions at high altitudes (11 and 15 km).
Conclusion
A systematic analysis has been performed on the impact of relative humidity and gas temperature on the EEDF and transport coefficients of dry and moist air within a range of reduced electric fields between 1 and 400 Td. We have found that, especially at low reduced electric fields, the EEDFs are considerably affected by humidity and gas temperature.
The latter has consequences on the calculated electron mean and characteristic energies, drift velocity, ionization and attachment coefficients as well as on the effective ionization coefficient. We found that, for our set of simulation conditions, the influence of humidity is in general more noticeable for E/N 25 Td. It is also found that a relatively small enhancement of the gas temperature (at a constant field ( 25 Td) and humidity values) results in a decrease in the electron mean energy, characteristic energy and drift velocity. However, the impact of increasing the temperature and humidity on the ionization, attachment and effective ionization coefficients is not so straightforward since it depends on the range of electric fields analysed. It is also important to mention that the present calculations seem to show a reasonable agreement with the trend of the experimental data available to date.
To conclude, we believe that the present basic results could be useful for general applications of air plasmas but, in particular, for a better understanding of the kinetics of TLE plasmas in the Earth high atmosphere. One of the difficulties encountered was the lack of recent experimental results on transport coefficients in dry and humid air. The measurements in moist air are even scarcer than for dry air. We find that more measurements should be carried out in order to update and refine the old experimental data available and to test present and future calculation in air plasmas in a wide range of changing parameters (pressure, gas temperature, humidity and electric field).
